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Structural Basis of CD8 Coreceptor Function
Revealed by Crystallographic Analysis of a Murine
CD8aa Ectodomain Fragment in Complex with H-2Kb
pMHC-I complex. These findings are consistent with
prior observations showing linkage between the CD8
and CD4 phenotypes of T cells and their specificities
for pMHC-I versus pMHC-II complexes, respectively
(Meuer et al., 1982).
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*Laboratory of Immunobiology Certain features of the CD8 molecule suggest a mech-
anistic basis for CD8 coreceptor function. For example,Dana-Farber Cancer Institute
Boston, Massachusetts 02115 the CD8 ectodomain binds directly to the class I MHC a3
domain rather than to the genetically highly polymorphic²Department of Medicine
³Department of Pediatrics class I MHC a1 and a2 domains, which interact with the
TCR (Connolly et al., 1990; Salter et al., 1990; Gao etHarvard Medical School
Boston, Massachusetts 02115 al., 1997). In addition, the CD8 cytoplasmic tail associ-
ates with the protein tyrosine kinase p56lck, thereby con-
tributing to signal transduction following pMHC-I-medi-
ated TCR activation (Veillette et al., 1988). CD8 isSummary
encoded by two distinct genes: CD8a (Lyt2) and CD8b
(Lyt3) (DiSanto et al., 1988; Norment and Littman, 1988,The crystal structure of the two immunoglobulin vari-
and references therein) whose products are only z20%able±like domains of the murine CD8aa homodimer
identical. CD8a but not CD8b contains the cytoplasmiccomplexed to the class I MHC H-2Kb molecule at 2.8
cysteine motif, which binds to p56lck. The distribution ofAÊ resolution shows that CD8aa binds to the protrud-
these gene products is rather selective. Therefore, whileing MHC a3 domain loop in an antibody-like manner.
TCRab T cells express predominantly CD8ab hetero-Comparison of mouse CD8aa/H-2Kb and human CD8aa/
HLA-A2 complexes reveals shared as well as species- dimers (Moebius et al., 1991), TCRgd T cells, certain
specific recognition features. In both species, core- natural killer (NK) cells, and a subset of intraepithelial
ceptor function apparently involves the participation lymphocytes (IELs) exclusively express CD8aa homodi-
of CD8 dimer in a bidentate attachment to an MHC mers (Poussier and Julius, 1994). By contrast, CD8bb
class I molecule in conjunction with a T cell receptor homodimers are apparently excluded from surface ex-
without discernable conformational alteration of the pression (Norment and Littman, 1988).
peptide or MHC antigen-presenting platform. The extracellular segments of CD8a and -b each con-
sist of a single immunoglobulin (Ig)-like domain and a
stalk region of 30±50 residues that is highly O-linked
Introduction glycosylated (Classon et al., 1992). To date, structural
information for the human CD8aa (hCD8aa) homodimer
The CD8 T cell surface glycoprotein is critically involved shows that the two Ig domains form an antibody variable
in class I MHC-restricted T cell development and antigen region±like module (Leahy et al., 1992). However, there
recognition functions in both human and mouse (Cantor has been controversy regarding the interaction between
and Boyse, 1975; Reinherz and Schlossman, 1980). In CD8aa and MHC and, in particular, the stoichiometry
the absence of CD8 interaction, class I restricted im- (Giblin et al., 1994; Sun et al., 1995). It is also uncertain
mune recognition events including cytokine production whether CD8 can interact with the TCR. Recently, a
and cytotoxic effector function are hampered (Swain, crystal structure of the hCD8aa dimer in complex with
1981; Meuer et al., 1982; Fung-Leung et al., 1991, 1994; the human class I MHC (h-pMHC-I) molecule HLA-A2
Crooks and Littman, 1994). Conversely, augmented has been reported (Gao et al., 1997). This structure
class I MHC-specific T cell activation is observed in T shows that in the human system, one CD8aa dimer binds
cell transfectants overexpressing CD8 (Dembic et al., to one pMHC-I complex. Moreover, this structure con-
1987; Gabert et al., 1987). Simultaneous recognition of firms other mutational analysis (Connolly et al., 1990;
a single peptide±MHC class I (pMHC-I) complex by a T Salter et al., 1990) indicating that the a3 loop (residues
cell receptor (TCR) and CD8 is required for maximal 220±228) is the major CD8-binding component on the
CD81 T cell stimulation (Connolly et al., 1990; Salter et MHC class I molecule.
al., 1990). Collectively, these results suggest that CD8 We have now determined the 2.8 AÊ resolution crystal
serves as a coreceptor in conjunction with the TCR to structure of a complex containing the murine CD8aa
coordinate recognition by a CD81 T cell of a specific (mCD8aa) homodimer and a murine MHC class I mole-
cule H-2Kb loaded with an octapeptide. The latter repre-
§ To whom correspondence should be addressed (e-mail: jwang@ sents amino acids 52±59 of the vesicular stomatitis virus
red.dfci.harvard.edu and Ellis_Reinherz@dfci.harvard.edu). nuclear capsid protein (VSV8). Through comparison of‖ Present address: Department of Molecular Biology and Cell Biol- murine and human CD8aa/pMHC-I complexes, we have
ogy, School of Life Science, University of Science and Technology
been able to derive a structural view of the critical ecto-of China, Hefei, 23006, People's Republic of China.




CD8a2-A (the ªbottomº subunit), which is exposed toTable 1. Data Collection and Refinement Statistics
solvent as well as involved in crystal contacts.
Crystal space group: P212121 Assuming the view in Figure 1 represents the MHC
Cell parameters (AÊ ): a 5 85.9, b 5 98.4, c 5 170.6 molecule on antigen-presenting cells (APC) with the
Data Processing missing transmembrane anchor at the bottom of the
picture, then the CD8aa dimer approaches the protrud-Observations to 2.8 AÊ 99259
ing a3 CD loop with its b strands roughly parallel toUnique reflections 34131
Completeness (%) 93.8 (90.7) the APC cell membrane. In this view the TCR would
Rsym (%)a 6.1 (24.9) approach from the top of the figure sitting on the MHC
I/s 9.7 (1.9) molecule and covering both a helices and the peptide
in the binding groove. Note that the C-termini of the twoRefinement
CD8 monomers are more than 30 AÊ apart. Although
Data range (AÊ ) 15±2.8
absent from the truncated CD8a construct used in ourReflections (F . 2 s) 32467
study, there is a long, highly glycosylated stalk regionCompleteness (%) 88.5
of 45 amino acids connecting the termini to the trans-Reflections in Rfree set 3285
Total number of nonhydrogen atoms 10552 membrane portion in the native full-length CD8a mole-
Solvent molecules 0 cule. It is unknown whether one, both, or neither of these
Rms D bond lengths (AÊ )b 0.010 CD8 connecting peptides interact with the TCR directly.
Rms D bond angles (deg)b 1.47
Rms D dihedral angles (deg)b 27.1
The Murine CD8aa HomodimerRms D improper dihedrals (deg)b 0.511
This report defines the structure of the murine CD8aaRms B factors (AÊ 2) 2.5
homodimer, albeit in complex with a class I MHC mole-Rfree (%)d 29.6
Rcryst (%)c 21.2 cule. Figure 2a shows the sequence alignment of the
murine and human CD8a Ig-like domains and, for com-Values in parentheses correspond to the highest resolution shell
parison, the alignment of the predicted murine CD8b(2.8±2.9 AÊ ).
domain as well as the crystallographically defined vari-a Rsym 5 S|I 2 ,I. | /S ,I..
b Root-mean-squared deviations (rms D) are given from ideal values. able domain of the Vk Bence-Jones protein REI and
c Rcryst 5 S||F0||/S|F0|. domain 1 of human CD4 (Ryu et al., 1990; Wang et al.,
d Rfree is as for Rcryst but calculated for a test set comprising reflections 1990). Figure 2b shows the alignment of segments of
not used in the refinement. H-2Kb and HLA-A2 a3 domains, which interact with
CD8aa.
The two murine CD8a molecules form a dimer thatResults and Discussion
has pseudodyad symmetry. The rms value for superpo-
sition of CD8a2-A onto CD8a1-A, using 80 Ca's in theOverall Structure of the
b sheet framework, is only 0.66 AÊ (0.50 AÊ for the complexmCD8aa/VSV8/H-2Kb Complex
B). The murine CD8a Ig-like domain falls into the typicalThe structure of the mCD8aa/VSV8/H-2Kb complex was
V set category (Chothia et al., 1985). In particular, the A
determined using the molecular replacement method.
strand runs antiparallel halfway down the ABED sheet,
Crystallographic data and refinement statistics are listed
kinks at the conserved cis proline (Pro11), crosses over
in Table 1. The asymmetric unit contains two complexes the b sandwich, and becomes the A9 strand, joining the
(complexes A and B). The root mean square (rms) devia- A9GFCC9C99 sheet in a parallel direction to the G strand.
tion is only 0.74 AÊ for superposition of the two com- This conformation holds for all of the four independent
plexes, using all Ca atoms for superposition. However, copies of the CD8a molecules in our structure. In the
there are differences involving the CC9 loops, the C99D human CD8aa homodimer structure (Leahy et al., 1992)
loops and the C-termini of the two CD8 dimer molecules, and in its complex to HLA-A2 (Gao et al., 1997), however,
where breaks in the electron density maps are present. the A9 strand veers away from the main body of the
In the discussion to follow, we refer to complex A in the domain.
asymmetric unit, unless otherwise noted. Within com- In the majority of Ig-like domains, there is a canonical
plex A, one subunit of the CD8 dimer is designated disulfide bond formed between the B and the F strand.
as CD8a1-A and the other as CD8a2-A in the crystal In the mCD8a electron density map, this disulfide bond
structure. is unambiguously seen between the Cys26 of strand B
The overall structure of complex A is shown in Figure and Cys102 of strand F. The comparable disulfide bond
1. The complex consists of a single VSV8/H-2Kb mole- is observed in both human CD8aa structures (Gao et al.,
cule and one CD8aa homodimer. The asymmetric ar- 1997; Leahy et al., 1992). There is, however, an additional
rangement of the a3 and b2M domains of the H-2Kb cysteine (Cys36 on the C strand), which is conserved
molecule creates a concave shape underneath the H-2Kb among all mammalian species of CD8a molecules. It
a2 domain, suitable for accommodating a CD8aa dimer. was shown by independent biochemical analysis of mu-
This CD8aa dimer binds in an antibody-like manner to rine and rat CD8a that a noncanonical intradomain disul-
the protruding H-2Kb a3 CD loop, using all six CDR- fide bond was formed between the Cys residues on the
like loops for the interaction. The binding to H-2Kb is B and C strands (Kirszbaum et al., 1989; Classon et al.,
asymmetric (Table 2). One particularly notable feature 1992). Kirszbaum et al. investigated the CD8a domain
is that the N terminus of CD8a1-A (the ªtopº subunit in from purified CD8ab heterodimers, whereas Classen ex-
Figure 1) is buried between the b2M and the a3 domain amined recombinant CD8aa constructs. Statistical anal-
ysis indicates that the Ca-Ca distance between any pairof the MHC molecule, in contrast to its counterpart in
Crystallographic Analysis of a mCD8aa/H-2Kb Complex
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Figure 1. Overall View of the m-CD8aa/
VSV8-H-2Kb Crystal Structure
The CD8a1-A and the CD8a2-A subunits are
shown as yellow and red ribbons, respec-
tively. The H-2Kb a chain is blue-violet (a1,
a2, and a3 domains labeled) and the mb2M
is green. The VSV8 peptide atoms and the
N-acetylglucosamine residues are shown as
sticks with atom type color coded. In this
view, the antigen-presenting cell is at the bot-
tom of the figure with the T cell approaching
from the top. N- and C-termini of the CD8
subunits are labeled. All figures were created
with SETOR (Evans, 1993).
of cysteines that form a disulfide bond is generally 4.4± C9FG b sheet for facilitating heterodimerization (Figure
2a) are maintained. Of note, the N-terminal domain (D1)6.8 AÊ . Nevertheless, the corresponding distance for the
canonical disulfide in Ig domains is unusually long, being of CD4 does not possess a bulge on the G strand and,
hence, does not dimerize (Ryu et al., 1990; Wang et al.,6.6±7.4 AÊ (Richardson, 1981). In the murine CD8aa struc-
ture, the Ca-Ca distance between cysteine residues for 1990). Moreover, compared to most Ig domains, includ-
ing CD8a, CD4 D1 has unusually short CC9 and FG loopsthe four copies of the CD8a molecule is 6.5±6.6 AÊ be-
tween B and F strand cysteines, 6.5±7.1 AÊ between C (Figure 2a). Because as much as 25% of the dimer inter-
face in the Ig variable domain involves the two long CC9and F strand cysteines, and 8.2±8.4 AÊ between B and C
strand cysteine residues. Thus, assuming that a disulfide and FG loops (Chothia et al., 1985), the foreshortened
loops in CD4 offer a further explanation for the mono-bond were to form between cysteines on the B and C
strands, a significant main-chain adjustment is required. meric state of CD4 versus the dimeric state of CD8.
Given that the monomeric N-terminal 2 domain segmentAnother hallmark of V set Ig domains is the presence
of b bulges in the C9 and G strands, which are thought (D1D2) of CD4 is thought to bind to one class II MHC
molecule (Moebius et al., 1993), whereas a CD8aa ho-to facilitate variable domain dimer formation (Chothia
et al., 1985). In the C9 strand of murine CD8a, the bulge modimer is required to bind to one class I MHC mole-
cule, these structural differences are undoubtedly ofis at Val53-Val54, and in the G strand the bulge is at the
Ser113-Ser114 position. The effect of having two bulges functional significance.
From Figure 2a, it is evident that the murine CD8aon the edge strands is to fold the ends of these twisted
strands over the central strands. A group of aromatic has an elongated N terminus (four additional residues)
relative to its human homolog. In our structure, threerings occupies the space between the two b sheets of
each of the CD8a monomers, thereby comprising a third residues extend beyond the main body of the CD8a1-A
domain. The electron density is less clear in the caselayer in between the dimer interface. These aromatic
residues help to form a typical three-layer structure of CD8a2-A. Similar results were observed for the two
CD8a subunits in complex B. As discussed later, the(Chothia et al., 1985).
Since the dimer is the functional CD8 coreceptor unit, interactions of the N terminus with the H-2Kb molecule
may partly account for the differences in species-spe-this Ig variable-like architecture is vital for CD8aa. The
human CD8aa homodimer shares the same dimerization cific MHC ligand binding.
The structure of the N-terminal Ig domain of mCD8afeature (Leahy et al., 1992), burying identical aromatic
residues in the dimer interface as murine CD8aa. Ac- is very similar to that of the human CD8a structure re-
ported by Leahy et al. (1992). The overall sequence iden-cording to our alignment, the CD8b subunit is also pre-
dicted to have the two b bulges. In particular, its G tity is 41%. Aside from the N terminus and the A9 strand
course, the two structures differ in the CDR-like regions.strand preserves the typical b bulge motif Phe-Gly-
X-Gly-Thr. The hydrophobic amino acids (aromatic rings In particular, the CDR2-like (C9C99) loop is two residues
longer in the mCD8a subunit compared to the humanor bulky aliphatic side chains) on the outerface of the
Immunity
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Table 2. Comparison of Buried Surfaces among Murine and
Human CD8-MHC Complexes
m-CD8aa/H-2Kb
Complex A Complex B h-CD8aa/HLA-A2
CD8-MHC total 2554 2591 1821
MHC 1274 1302 903
CD8aa 1280 1289 911
MHCa1 41 18 0
MHCa2 80 68 114
MHCa3 925 944 596
MHCa3 loop 458 444 290
b2M 230 273 194
CD8a1 787 819 624
CD8a2 493 470 295
Results are given in AÊ 2 Buried surface areas were calculated with
program MS (Conolly, 1983) with a 1.7 AÊ probe radius and density 5
4.0. The MHC a1 domain consists of residues 1±90, the a2 domain
of residues 91±180, the a3 domain of residues 181±274, and the a3
loop of residues 220±228.
analog. The actual strand assignment is slightly shifted
compared to the alignment proposed by Leahy et al.
However, the CDR3-like region (FG loop), which is the
more important MHC binding component, is highly con-
served in murine and human CD8a. Using the conserved
b sheet parts of the CD8 structures for superposition
(160 Ca atoms), the overall rms deviation between hu-
man (unligated) and murine (ligated) CD8 is 1.27 AÊ . This
Figure 3. Comparison between the Unligated VSV8/H-2Kb Molecule
result indicates that the CD8aa homodimer is a con- and the VSV8/H-2Kb Molecule Ligated with the CD8aa Homodimer
served structural unit across species, regardless of liga- Superposition of the unligated H-2Kb (red) and ligated H-2Kb (yellow)
tion state. based on their a1 and a2 domains (residues 1±180) shows a hinge
movement of the H-2Kb a3 domain (long arrow) and a movement of
the mb2M molecule around a pivot (short arrow). For clarity, the
mCD8aa dimer and the VSV8 peptide have been omitted.
Overall Aspects of mCD8aa/H-2Kb Interaction
Table 2 offers a comparison between the human and
murine CD8aa±MHC class I complexes. As shown, there
is considerably more contact between the interacting
molecules in the mouse versus the human (2554 and
2591 versus 1821 AÊ 2). The major MHC interactions in-
volve the a3 domain, in particular the protruding MHC
a3 CD loop, the b2M domain, and to a much lesser extent
the MHC a1 and a2 domains. Although CD8a2 makes
less contacts than CD8a1 with MHC class I in both
species, the interaction of the mouse is still substantially
greater.
In the case of the human species, there is no signifi-
cant change in the CD8aa homodimer in uncomplexed
versus MHC class I bound state (Leahy et al., 1992; Gao
et al., 1997). Given the similarity between human and
Figure 2. Comparison of Murine and Human CD8 and MHC Mole- mouse CD8aa-MHC class I complexes (see below), it is
cules
likely that the murine CD8aa homodimer remains essen-
(a) Sequence alignment of murine and human CD8a. mCD8a and tially unchanged following binding to MHC class I.
hCD8a alignment in conjunction with the predicted alignment of
Moreover, with respect to the VSV8/H-2Kb component,mCD8b and domain 1 of hCD4 and the Bence Jones protein REI
the tertiary structure of each one of the domains alsoare shown. Except for CD8b, the alignment is based on b sheet
framework structural superposition. The strand assignment and res- remains unchanged upon CD8aa ligation (Fremont et
idue numbering is based on the mCD8aa/H-2Kb crystal structure. al., 1992). Importantly, however, the quaternary struc-
Selected residues characteristic for V type Ig domains are high- ture of H-2Kb is altered. Superposition of the unligated
lighted, including the cysteine and the b bulge residues and the VSV8/H-2Kb structure with that of the CD8aa complexed
mCD8a N terminus. (b) Sequence alignment of a segment of the
VSV8/H-2Kb (using the MHC domains a1 and a2, resi-H-2Kb and HLA-A2 a3 domains. Residues important for CD8 binding
dues 1±180 for the fit) shows that in the complex struc-are highlighted, including the AB 1 CD loops. Residues making
intermolecular hydrogen bonds are underlined. ture the a3 domain rotates 38 toward the mb2M domain
Crystallographic Analysis of a mCD8aa/H-2Kb Complex
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Figure 4. Comparison of mCD8aa/VSV8/H-
2Kb and hCD8aa/HLA-A2 Complexes
Superposition of the murine and the human
complexes based on b sheet framework of
160 conserved CD8aa residues (mCD8aa-
H-2Kb in red; hCD8aa-HLA-A2 in yellow)
shows rocking of the H-2Kb molecule around
the CD8 homodimer.
(Figure 3). As a consequence, the mb2M component subunit of hCD8aa, which causes the loss of several
hydrogen bonds involving Gln115, Asp122, and Glu128rotates z158 around a pivot point near b2M residues
in the HLA-A2 a2 domain. Moreover, the mCD8aa homo-58±60, thereby slightly modifying the interface between
dimer in general, and the bottom subunit CD8a2-A inmb2M and the Kb a1 1 a2 domains. Note that 2C-TCR
particular, become more closely juxtaposed to the a3binding to H-2Kb (Garcia et al., 1998) also induces a
domain of H-2Kb. Consistent with the differences ob-similar a3 domain movement. The transformation re-
served in the crystal structures of these complexes,quired to bring the a3 domain from ligated to unligated
mutations at Gln115, Asp122, and Glu128 on the hMHCposition is v 5 998, c 5 948, k 5 3.58 for CD8aa/H-2Kb
a2 domain facing CD8aa disrupt hCD8 binding (Sunand v 5 1168, c 5 1008, k 5 5.68 for 2C-TCR/H-2Kb
et al., 1995), whereas mutations at the corresponding(H-2Kb a1 and a2 used as a reference for superposition).
positions of H-2Kb have no effect on mCD8 bindingIn the human system, the CD8 and A6-TCR binding to
(H.-C.C. et al., unpublished data). Our observation alsoHLA-A2 also induces comparable a3 domain move-
makes it unlikely that CD8 binding to the a2 domainments but in the opposite direction as compared to the
might influence peptide MHC binding and hence T cellmurine system (Garboczi et al., 1996; Gao et al., 1997).
recognition, as has been previously suggested (GarciaWhile it is noteworthy that the a3 movement is in the
et al., 1996). Second, the MHC a3 CD loop packs closeropposite direction in human and mouse systems, the
to the two CDR3-like regions of the mCD8aa homodimersignificance of this observation remains to be evaluated.
(458 AÊ 2 of buried surface for murine versus 290 AÊ 2 for
human) as does the AB loop of MHC a3. The AB loop
Similarities and Differences in Molecular of the H-2Kb a3 domain has a significantly different con-
Details of mCD8aa/H-2Kb versus formation from the corresponding loop in HLA-A2, bend-
hCD8aa/HLA-A2 Complexes ing toward the mCD8aa molecule to form two additional
Since the hCD8aa/HLA-A2 structure has recently been hydrogen bonds. Third, the four extra residues at the N
determined (Gao et al., 1997), it is relevant to describe terminus in murine CD8a1-A (and CD8a1-B) stretch out
the murine complex in a comparative way. Despite the of the main body of the molecule, extending to the b2M
similar overall topology of the mCD8aa/H-2Kb complex domain of H-2Kb, whereas few, if any, contacts were
and the hCD8aa/HLA-A2 complex, there are many dif- observed between the N terminus of the CD8a1 subunit
ferences between the structures. Figure 4 is an over- of hCD8aa and the b2M domain of HLA-A2.
lay of the two complexes, using the framework of the The MHC Class I a3 CD Loop
CD8aa homodimer (160 Ca atoms) for superposition. The major CD8/MHC interaction is the protruding loop
Several points are immediately apparent. First, the H-2Kb (220±228) in the a3 domain, shown to be important for
molecule has an anticlockwise rocking (about 178) around CD8 binding independent of species (Connolly et al.,
the CD8 homodimer compared to HLA-A2. The conse- 1990; Salter et al., 1990; Sekimata et al., 1993). The fine
quence is that the mCD8a1-A top subunit makes a details for MHC/CD8 recognition in human and mouse
somewhat reduced contact with the a2 domain of the species are different, however. Previously, using chi-
meric mouse±human MHC class I constructs, Salter etH-2Kb molecule relative to the corresponding hCD8a1
Immunity
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Figure 5. Detailed Interaction among mCD8aa and H-2Kb
(a) mCD8aa/H-2Kb crystal structure. View is the same as in Figure 1 with the areas in squares detailed in (f), (c), and (e). Figure 5f is rotated
relative to the view in (a).
(b) Detailed view of the H-2Kb a3 CD loop.
(c) H-2Kb a3 CD loop interaction with mCD8aa. The major binding interaction between the CD8 CDR3-like loop regions as well as CD8a2 b
strand C with the a3 CD loop is shown.
(d) Stabilization of the HLA-A2 a3 CD loop by the neighboring F strand. In contrast to the H-2Kb a3 CD loop (blue), the human counterpart
(green) is pulled backward, away from the ligated hCD8aa molecule, by a hydrogen bonding network between the C and F strands.
(e) Comparison of the MHC a3 AB loop interaction with the m- or hCD8a2 subunit. The H-2Kb AB loop (blue) is pointing toward the mCD8a2CDR2-
like loop and is stabilized by two hydrogen bonds. The human counterpart assumes a different conformation, pointing away from the hCD8a2
(green).
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al. (1990) and Moots et al. (1992), found that hCD8 can region of the interaction site. Most notably, the residues
comprising the H-2Kb CD loop are more hydrophobicinteract with the a3 domain of m- and h-class I to the
same extent or with perhaps even greater affinity to in character than the corresponding HLA-A2 residues
(Figure 2b). First, the hydrophobic residue I225, at them-class I. In contrast to the MHC class I species inde-
pendence of hCD8, the mCD8 was shown to be specific tip of the CD loop, interacts with residues I105 of both
mCD8a subunits (Figure 5c), which is more favorablefor its murine counterpart (Sanders et al., 1991). To un-
derstand this difference further, Kalinke et al. (1990) than the interaction between the corresponding HLA-A2
Thr225 and the Leu97 residues of both hCD8a subunits.replaced the a3 domain of HLA-B27 by a murine a3
domain, produced transgenic mice, and utilized their Second, in HLA-A2 the Gln218-Arg219-Asp220 motif of
strand C is laced by a hydrogen-bonding network tospleen cells to stimulate normal murine T cells. It was
observed that the interaction of m-CTLs is dramatically the neighboring Thr258-Tyr257-Arg256 motif of strand F
(Figure 5d). The salt bridge between Asp220 and Arg256improved when the HLA a3 domain is replaced by the
H-2Kb a3 domain. Furthermore, Sekimata et al. showed helps to pull these two residues close enough for main-
chain hydrogen bonding between the amide group ofthat mCD8aa homodimers can enhance allorecognition
by T cell hybridomas by binding to m- but not h-MHC Asp220 and the carbonyl group of Arg256. By contrast,
the more hydrophobic sequences in H-2Kb are Gln218-class I a3 domains (Sekimata et al., 1993).
Mutagenesis data on the a3 domain of human and Leu219-Asn220 on strand C and Thr258-Tyr257-Tyr256
on strand F. The loss of the main-chain hydrogen bondmurine MHC class I molecules showed that three clus-
ters of a3 domain residues (residues 220±232, 233±235, between Asn220 and Tyr256 allows the CD loop of the
H-2Kb a3 domain to move at least 1.5 AÊ away from theand 245±247) and especially the MHC a3 CD loop (resi-
dues 220±228) are key for the CD8/MHC interaction F strand, as measured between Tyr256-CO and Asn220-
NH, and toward the mCD8aa homodimer.(Connolly et al., 1990; Salter et al., 1990; Sekimata et
al., 1993). The CD loop is flexible in terms of its relative Prior studies on the H-2Dd molecule (Potter et al.,
1989; Connolly et al., 1990) showed that introduction oforientation to the rest of the molecule (Gao et al., 1997).
We have noticed that internally, however, this is a well- a Lys for Glu at position 222, 223, or 229, as well as any
substitution at Glu227 except for a conservative Aspstructured loop (Figures 5a and 5b). The peptide seg-
ment Gly221-Leu224 forms three hydrogen bonds to the residue, abrogates recognition by CD8-dependent cyto-
toxic T lymphocytes (CTLs). In the H-2Kb structure, insegment Trp217-Asn220 of the H-2Kb a3 strand C in an
antiparallel way, as if representing a vestige of the C9 fact, residue 227 is an Asp that is hydrogen-bonded to
Gln34 located on the CDR1-like region of the CD8a2-Astrand. The following part, the segment Leu224-Asp227,
is a typical b turn, conserved in H-2Kb and HLA-A2 in subunit (Figure 5c). Glu residues 222 and 223 form hy-
drogen bonds to both CD8a1 and CD8a2 subunits.both ligated and unligated states. The superposition of
the corresponding loops gives an rms value of 0.37 AÊ The AB Loop of the a3 Domain of MHC Class I
As mentioned above, the second distinctive feature as-for the pair of mCD8aa-ligated and unligated H-2Kb and
an rms value of 0.36 AÊ for the pair of ligated H-2Kb and sociated with the mCD8aa/H-2Kb structure is the AB
loop of the MHC a3 domain, which has an inherentlyunligated HLA-A2, attesting to the rigidity of the loop
as a whole. It is this relatively rigid loop that protrudes different conformation in mouse and man. For both
H-2Kb and HLA-A2 a3 domains, the strand A is oneinto the antigen-binding-like pocket formed by the six
CDR-like loops of the CD8aa homodimer, presumably residue longer than strand B and its conformation dif-
fers in human and mouse. In HLA-A2 the b strand Acontributing to the major binding energy. The side
chains of residues 220±228 in the CD loop, which have forms a typical b bulge around residues Ala193 and
Val194 to accomodate the extra residue. It is followedvery high B factors in the unligated state, are stabilized
by the interaction with CD8aa. The two CDR3-like loops by a normal b turn involving residues Ser195-Asp196-
His197-Glu198. This b turn points away from the hCD8a2from each CD8a monomer clamp the central b turn com-
ponent of the H-2Kb CD loop (Leu224-Asp227). It is inter- monomer. In contrast, a similar bulge does not exist in
H-2Kb and its regular A-B b strand pairing extends twoesting to note that the interacting partners in the CD8a
dimer are also b turns comprising Ser106-Val109 (Figure more residues such that Pro195-Glu196-Asp197 form
an irregular loop as opposed to the b turn in HLA-A2.5c). At the tip of the H-2Kb CD loop, the side chain of
the Gln226 is pointing in between the two CD8a CDR3- In particular, the Pro195 changes the main-chain course
such that Glu196 bends toward the mCD8a2 subunitlike loops, reaching deep to the framework of the CD8a2
b strand C, forming a hydrogen bond to Ser37 of the (Figure 5e). The side chain of the H-2Kb Glu196 residue
at the tip of the loop can then reach Asn61 of CD8a2-A toCD8a2-A subunit. The main-chain carbonyl oxygen of
Gln226 additionally forms a hydrogen bond to the side form a hydrogen bond. Moreover, Lys198 also donates a
hydrogen bond to the main-chain carbonyl group ofchain of Ser108 of the CD8a1-A subunit.
Despite the conserved conformations of both CDR3- CD8a2-A Ser59. These interactions between the AB loop
of the H-2Kb a3 domain and the CDR2-like loop of thelike loops of the CD8a subunits and the a3 CD loops of
human and murine MHC class I molecules, there are CD8a2-A subunit are all absent in the hCD8aa/HLA-A2
structure.striking distinctions between H-2Kb and HLA-A2 in the
(f) Binding of CD8a1-A N-terminal residues to H-2Kb. The CD8a1-A N terminus (yellow) extends in between the H-2Kb a3 domain (blue) and
the mb2M (green) and is stabilized by five hydrogen bonds. The CD8a1-A Arg8 is hydrogen bonded to mb2M and H-2Kb a3 residues. H-2Kb
a2 domain residues Q115, D122, and E128 are not involved in binding of mCD8a1-A.
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Glu196 is conserved in all H-2K molecules with the
exception of H-2Kd, where the comparable residue is a
Gln196, and Qa-2, where the comparable residue is a
tyrosine. Qa-2 is a nonclassical murine class I molecule
encoded by the Q7 gene. Class I MHC molecules that
contain the Qa-2 a3 domain have been shown to be
Figure 6. C-Terminal Sequence Alignment of Mammalian CD8b
poorly recognized by primary CTLs and do not function Chains, along with mCD8a
normally in either positive or negative selection in vivo The alignment is based on the conserved cysteine residues prior to
(Aldrich et al., 1991). The naturally occuring Glu196Tyr the transmembrane domain of CD8a or b. All aligned CD8b se-
variation might prevent Qa-2 from binding to the mCD8 quences are shorter than the mCD8a sequence (h, human; r, rat; p,
Pongo pygmaeus urangutan; m, mouse).molecule.
Interaction of the N Terminus of mCD8a1
with Class I MHC
in CD8b2/2 mice indicates an important role for CD8bThe third unique characteristic of the murine complex
in thymic differentiation and maturation, since CD8binvolves the interaction between the N-terminal residues
knockout mice have dramatically reduced numbers ofof the CD8a1 (the top) subunit and mb2M and the H-2Kb
mature peripheral CD81 cells (Crooks and Littman, 1994;a3 domain (Figure 5f). While both subunits of the
Fung-Leung et al., 1994; Nakayama et al., 1994). SeveralmCD8aa homodimer form hydrogen bonds between A
lines of evidence show that CD8ab is a more effectiveand B strands starting at the Glu6-Leu29 pair, the con-
coreceptor than CD8aa in enhancing the sensitivity offormation at the very N terminus of CD8a2 is notably
allo-antigen recognition by a TCR and augmenting re-different from CD8a1. The first three residues of the
sponses to a cognate peptide by a H-2Kd restricted TCRCD8a2 (bottom) subunit are without intermolecular inter-
(Renard et al., 1996). A role for the cytoplasmic portionactions. These residues curve back in mCD8a2-A but
of the CD8b chain in enhancing lck kinase activity andare disordered in the mCD8a2-B protomer in the crystal
promoting T cell development has been suggestedstructure. By contrast, in both CD8a1-A (Figure 5f) and
(Itano et al., 1994; Irie et al., 1998). Nonetheless, dataCD8a1-B subunits, the residues project out from the
from our laboratory suggest that at least for certainmain body of the domain, lying between the b2M and
TCRs, the contribution of CD8ab as a coreceptor isH-2Kb a3 domains. The two polar CD8a1 residues, Lys1
largely due to its extracellular components (Witte et al.,and Gln3, form extensive hydrogen bonds to b2M (Gln6,
unpublished data).Thr28, and Gln29) and a3 (Glu232) as well as to the
Currently, little is known about the molecular detailsbottom CD8a2 subunit. Moreover, mutational data have
of the CD8ab interactions with MHC class I molecules.identified Arg8 of mCD8a as a critical residue for H-2Kb
It was proposed by Gao et al. (1997), based on scoringrecognition, similar to Arg 4 in hCD8a (Giblin et al., 1994).
favorable electrostatic interactions, that the hCD8b sub-An Arg8Ala mutation knocks out functional binding of
unit of a hCD8ab heterodimer may replace the bottomthe CD8aa homodimer to class I MHC molecules, as
subunit of the hCD8aa homodimer. However, replacingjudged by a CD8-dependent cellular activation assay
each of the mCD8a subunits in our mCD8aa homodimer(H.-C. C. et al., unpublished data). The side chain of
structure with a mCD8b model, based on the Figure 2aArg8 of the CD8a1 subunit is hydrogen bonded to the
alignment, did not allow for a distinct preferred localiza-main-chain carbonyl oxygen of Lys58 of the mb2M do-
tion of the CD8b. Nonetheless, the stalk regions of CD8amain. Around this local region, a few charged groups
and b chains are quite different in length, which maycluster together, including salt bridges between CD8a1-
provide a possible clue as to the preferred CD8ab het-Arg8 and CD8a1-Glu6 and between Glu27 of CD8a1 and
erodimer orientation. In this regard, alignment of CD8aLys58 of mb2M. In the murine system, this is the position
and CD8b C-terminal sequences from various species,where CD8aa begins to veer away from the a2 domain
based on the two conserved cysteine residues that formof the MHC molecule. Possibly Arg8 helps to tether
the interchain disulfide bonds (Figure 6), clearly showsCD8aa to MHC at this edge. Both the N-terminal confor-
that the b chain stalk is 10±13 residues shorter than themation of the murine CD8a1 subunits in complex A and
a chain stalk. Both of these linker regions are rich inB and the interaction with mb2M are unique to the murine
Ser/Thr and Pro residues and predicted to be heavilyspecies. Moreover, the two interacting residues on b2M,
O-glycosylated. This type of mucin-like segment is ob-Gln6 and Gln29, are unique to mouse; in the human,
served in extracellular components of other T cell sur-b2M Gln6 has been replaced by a Lys and Gln29 has
face glycoproteins such as PSGL-1 (P-selectin glyco-been replaced by a Gly.
protein ligand-1) (Li et al., 1996) and CD43 (leukosialin)
(Cyster et al., 1991). Electron microscopy of rotary shad-
owed PSGL-1 and CD43 illustrates that the mucin-likeBiological Implications
CD8aa versus CD8ab region is an extended structure with about a 2 AÊ exten-
sion per residue, on average. It is striking to notice thatWhile multiple studies have defined the importance of
CD8a for lck-linked T cell activation and signaling (Veil- the N-terminal 29 residues before the first interchain
disulfide bond in the mCD8a stalk consists of 10 poten-lette et al., 1988; Letourneur et al., 1990), other results
have emphasized the contribution of CD8b to the effi- tial O-glycosylation sites, namely, about 1 in every 3
residues. This is a ratio as high as seen in CD43. More-cacy of T cell recognition and its ability to broaden the
range of antigen recognition (Karaki et al., 1992; Wheeler over, there are 6 prolines within this sequence. There-
fore, almost certainly this component of the stalk iset al., 1992). Moreover, analysis of the T cell repertoire
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highly extended, being 60 AÊ in length. The correspond- perhaps even alters the quaternary structure of the MHC
in favor of TCR binding. Gao et al. (1997) noted that theing N-terminal motif in the CD8b stalk has only 22 resi-
binding of hCD8 and A6-TCR to the HLA-A2 moleculedues, containing 5 threonines and but 2 prolines, and
are at separate sites but require similar movement ofis therefore likely much less extended. While there is no
the HLA-A2 a3 domain. A similar result can be seen forinformation concerning the conformation of the stalk
the H-2Kb a3 domain. In addition, the membrane anchorsfrom the first interchain disulfide bond to cell membrane,
also restrict the motion of all of the interaction partners.this interchain disulfide imposes constraints on their
Third, as a result of simultaneous binding to a singlerelative ªstarting pointsº such that these two chains
MHC molecule, the TCR and the coreceptor are juxta-must be within 4±7 AÊ of one another, relative to the cell
posed, thereby bringing p56lck into the site of complexmembrane. Given these differences, it is reasonable to
formation.suggest that the longer CD8a subunit stalk, rather than
Given the fact that the CD8aa homodimer bears twothat of CD8b, prefers to extend a greater distance so
potential MHC class I binding sites, CD8aa is kineticallythat CD8a lies in a position analogous to CD8a2, while
favored for interaction with MHC class I relative to theCD8b replaces the top CD8a1 subunit position. Clearly,
CD8ab heterodimer bearing but one site. Nonetheless,however, the precise orientation must await a crystal
the CD8ab coreceptor is more thermodynamically effi-structure.
cient. Since the CD8b stalk is shorter and the CD8a isCD8 as a Coreceptor
longer, the heterodimer is preconfigured to interact inSeveral key points are directly evident or implied by
a preferred manner with MHC class I. By contrast, sinceour structural observation. First, the dimer of the Ig-like
the CD8aa homodimer can orient in either direction, thedomains of CD8 is the biologically relevant unit that
CD8a1 subunit equivalent must bend to assume thebinds the MHC a3 CD loop in an antibody-like manner.
shorter path to MHC class I, while the CD8a2 remainsSecond, the stalk regions that link this recognition unit
extended to bind to the more distal MHC class I a3to the transmembrane segments of the two CD8a chains
region. The reorientation of one or the other stalks, inmust bend substantially, presumably near the C-termini
the case of CD8aa, costs energy. Aside from this differ-of the Ig domains, such that the b framework of their Ig
ence, the distinct role of CD8a versus CD8b cytoplasmicdomains is most probably parallel to the membrane. In
tails in signaling, putative interaction between CD8b andthis configuration, the stalk would be roughly vertical to
the TCR (Arden, 1998), and variation in sialic acid contentthe T cell membrane. Third, the stalk is an extended
of the CD8b subunit during differentiation and T celland relatively stiff structure, able to position the Ig-like
activation (Casabo et al., 1994) undoubtedy accounts
domain far from the T cell surface to reach the MHC
for biological distinctions in coreceptor function. Al-
class I binding site on the opposing target cell. Fourth,
though the CD8ab heterodimer on TCRab T cells is
the MHC, the TCR, and the CD8 molecules are all mem- the most efficient as a coreceptor and facilitates T cell
brane anchored and, as such, restricted in their individ- activation with the least number of cognate pMHC com-
ual and/or collective motions. Fifth, the stoichiometry plexes required on target cells (Luescher et al., 1995),
of CD8/MHC class I binding is clearly such that one this receptor may not always be most biologically advan-
CD8aa homodimer interacts with one VSV8/H-2Kb com- tageous. Certain cells (TCRgd, IEL, and NK) may require
plex. Although earlier studies had suggested a bivalent a less efficient coreceptor to raise the activation thresh-
model, namely, one CD8aa homodimer interacting with old. For example, since the TCRgd bearing T lympho-
two MHC class I molecules (Sun et al., 1995), our studies cytes may recognize dying cells expressing peptides
in the mouse and independent studies in the human derived from heat shock proteins bound to classical or
(Gao et al., 1997) have ruled out that possibility for the nonclassical MHC-I molecules, it may be important to
CD8aa homodimer (and most likely for the heterodimer have a higher threshold for T cell activation afforded by
as well). the less efficient coreceptor so that mildly injured cells
The CD8aa homodimer is a symmetric molecule. By are not destroyed.
contrast, the heterodimeric CD8ab molecule is asym-
metric and presumably contains only one binding orien- Experimental Procedures
tation for the MHC. While the monomeric affinities of
Protein Expression and Purificationsoluble CD8aa and CD8ab for class I MHC complexes
The N-terminal extracellular segment of the mCD8a chain (residuesare similar (Garcia et al., 1996), on the T cell surface the
1±122) corresponding to the predicted Ig-like domain was fused via
CD8ab heterodimer has a much more significant effect a flexible linker (residues 123±132) and a thrombin cleavage site to
in influencing TCR/MHC binding. As our crystal structure either an ACID- or BASE-leucine zipper fragment. The engineering
and coexpression of both cDNAs using the pEE14 vector system inand that of Gao et al. reveal, CD8 binding to MHC does
Lec3.2.8.1 cells and subsequent purification (z15 mg/L yield) isnot transmit any detectable conformational change to
similar to that previously described for soluble TCRs (Chang et al.,the bound peptide or the peptide binding groove to alter
1994). Subsequently, the leucine zipper was removed by thrombinthe MHC surface such that the TCR could dock in a treatment in 50 mM Tris (pH 8.0) at 50:1 (CD8aa:thrombin, w:w)
more favorable way. overnight at 48C, resulting in a protein comprising residues 1±130.
What then is the role of CD8 as a coreceptor? We Residual thrombin was removed by affinity chromatography using
benzamidine-sepharose beads (Pharmacia), and protein was thensuggest that the bidentate attachment of CD8 and the
subjected to endo-H digestion for 2 hr at 378C (0.02 U enzyme/mgTCR to the MHC molecule increases the overall avidity
of CD8) in 50 mM NaOAc (pH 5.5). Since this deglycosylation wasof the MHC class I molecule for the T cell surface. Sec-
only 90%±95% effective, affinity chromatography with concanavalin
ond, CD8 reduces the overall flexibility of the MHC mole- A beads (Pharmacia) was used to deplete the residual nondeglyco-
cule. CD8 occupies the concave shape beneath the sylated material, followed by a final gel-filtration step (Superdex-
75) on a Pharmacia FPLC system. The H-2Kb a chain (residuesMHC a2 domain, stabilizes the MHC conformation, and
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1±274) and the murine b2-microglobulin (mb2M, residues 1±99) were be placed with confidence. Since the CD8 protein was deglycosy-
lated with endo-H, only one N-acetyl glucosamine residue remainsexpressed separately in E.coli and refolded in the presence of VSV8
peptide (Zhang et al., 1992). at each of the two potential N-glycosylation sites per CD8a subunit
(total of eight sugar residues). Only four N-acetyl glucosamine resi-
dues, all connected to Asn42 of each CD8a subunit, showed clearCrystallization and Data Collection
enough density to be included in the model. Of the nonglycineCrystals were grown at room temperature using the conventional
residues, 78.2% are in the most favored regions, with none lying inhanging-droplet vapor diffusion method. A 1 ml protein solution
energetically disallowed regions of the Ramachandran plot. Thecontaining VSV8/H-2Kb and CD8aa in a 1 to 2 molar ratio at a final
main chain can be unambiguously traced, with the exception of thetotal protein concentration of 20 mg/ml in 10 mM HEPES (pH.7.0)
C99D loop in the CD8a1 monomers for both complexes A and B.was mixed with 1 ml crystallization buffer (20%±25% PEG4K, 0.2 M
The CC9 loops of CD8a2 that are not involved in VSV8/H-2Kb bindingLi2SO4, 0.1 M Tris, [pH 8.5]). The presence of both VSV8/H-2Kb and
are less well defined. No electron density is observed for residuesCD8aa molecules in the crystals was confirmed by SDS gel electro-
beyond Ala126 at the C-termini of the CD8 molecules, which formphoresis. Crystals were harvested into the crystallization buffer and
the flexible linker and parts of the thrombin cleavage site in thethen transferred stepwise to cryoprotectant solutions with progres-
construct.sively increasing concentrations of glycerol in the crystallization
Additional crystallographic information including intermolecularbuffer. The final glycerol concentration was 25%. The crystals were
hydrogen bonds and atomic contacts in the CD8aa-H-2Kb structurerapidly frozen by immediately dipping into liquid nitrogen. Diffraction
are available as supplementary data at http://www.immunity.com/data were collected from one single frozen crystal at 21608C with
cgi/content/full/9/4/519/DC1.a Brandeis CCD detector at the X12C beamline at the Brookhaven
National Laboratories. The data were processed with DENZO and
SCALEPACK (Otwinowski and Minor, 1997).
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